Abstract-The purpose of this paper is to analyze the influence of the metallic structures of a realistic car body frame on the specific absorption rate (SAR) produced by a cell phone when a complete human body model is placed at different locations inside the vehicle, and to identify the relevant parameters responsible for these changes. The modeling and analysis of the whole system was conducted by means of computer simulations based on the full wave finite-difference time-domain (FDTD) numerical method. The excitation considered was an 835 MHz 2 dipole located as a handsfree communication device or as a hand-held portable system. We compared the SAR at different planes on the human model, placed inside the vehicle with respect to the free space situation. The presence of the car body frame significantly changes the SAR distributions, especially when the dipole is far from the body. Although the results are not conclusive on this point, this change in SAR distribution is not likely to produce an increase above the limits in current guidelines for partial body exposure, but may be significant for whole-body exposure. The most relevant change found was the change in the impedance of the dipole, affecting the radiated power. A complementary result from the electromagnetic computations performed is the change in the electromagnetic field distribution inside a vehicle when human bodies are present. The whole vehicle model has been optimized to provide accurate results for sources placed inside the vehicle, while keeping low requirements for computer storage and simulation time.
The effects on human health considered by exposure guidelines at cell phone frequencies of operation arise from the heating produced by currents induced by electromagnetic fields on media with finite conductivity, such as human tissues [1] . The basic dosimetric unit used to evaluate this kind of exposure for frequencies below 10 GHz is the power deposited by unit mass [specific absorption rate (SAR)] [2] , [3] .
Standards that define SAR assessment procedures for personal communication systems are mostly concerned with the certification of the devices [4] [5] [6] and rely primarily on experimental measurements using actual phones and head phantoms. Current efforts using numerical methods are aimed to define human head models, phone models, and other computation details that allow the comparison between different numerical approaches and between numerical and experimental procedures [23] . Thus, the computational domains used try to replicate the environment defined in the standards. However, actual exposure in real life is not always produced in a free-space like situation.
Partially closed environments, like transportation vehicles, are especially harsh scenarios for several reasons: the metallic structures produce large reflections; the structure itself is large compared to the wavelength, but near field effects must be considered; and the reflective surfaces are mostly curved. These scenarios could be characterized by measurements, and although the procedure can be very complex some successful attempts have been made [18] . Numerical computation methods constitute an attractive alternative way for those scenarios. Different numerical techniques are used to estimate SAR in the human body, and particularly the finite-difference time-domain (FDTD) method has been widely employed in recent decades [7] . Although some approaches to evaluate the effects on SAR arising from reflecting walls located near to a head model have been made [8] , modeling a whole vehicle with enough spatial resolution to include a realistic human body results in a computationally large problem which is still unsolved. This problem must be attacked using a rigorous computation method, like FDTD, instead of simpler methods based on plane wave propagation, but the size of the scenario compared to the wavelength and the need to model fine grain details makes it computationally challenging [19] . Methods like those described in [24] involve practical details like rotating the head model to maintain the cell phone model oriented along the computation axis, to be able to obtain meaningful results. Increasing the size of such models to include a passenger vehicle would require an amount of storage and processing time only available in a few top today's supercomputers.
To finally assess the exposure in the described environments requires an iterative process to approximate the modeling requirements described in [23] , [24] with those arising from the presence of the environment. The methods and results we present in this paper are the first step in such a process and provide some insight into the expected changes on power deposition for a particular environment that will help in directing subsequent approximation steps.
We present an approach that enables us to include a complete human body model with different tissue types and reasonable resolution, placed inside a realistic car body frame model. The approximation taken is based on the separate validation of both; the electromagnetic calculations inside the empty car frame, performed in previous works; and the computation of SAR produced in the near field, which is presented in Section III.
The car model was obtained from the manufacturer (SEAT SA, Barcelona, Spain) as a mechanical CAD file in DXF format. Mechanical details smaller than the FDTD cell size used in the calculations were removed before the simulation mesh was built. Despite this, an additional cleaning process was required. Fig. 1 shows the car body frame model in its original form and the final mesh used in the calculations. Details on the whole process and final parameters used can be found in [10] .
There are no publications presenting results of field distribution inside a vehicle using a model of resolution comparable to the one used here, so calculations in the empty car frame were compared to experimental measurements. The estimated uncertainty in the measurements was used as a criterion for the agreement between both. Two kinds of excitations were used, a resonant dipole and a long wire, and measurements of the field distribution and of the voltage coupled to a line were performed at 100 MHz and 1.8 GHz. The results obtained and the uncertainty assessment performed are thoroughly described in [16] , [17] and will be briefly commented in Section III.
The validation of the SAR calculation was performed by comparison with published work. Because the resolution used in our model is moderate (3 mm) and we are most interested in assessing changes in the SAR distribution rather than in obtaining a figure comparable with the standards, we used a relatively old work for the comparison [13] instead of more recent and, possibly, more accurate works [24] that only provide numerical values for maximum averaged SAR values.
II. HUMAN AND VEHICLE MODELS
There are several procedures for obtaining a realistic body model for SAR calculation purposes. Most of them are based on CT or MRI imaging [12] . There are also commercially available (e.g., Remcom, Inc.) meshes for the human head and even for the whole body. It is also technically possible to create a mesh from freely available slices of a human body (i.e., The Visible Human Project). Instead, we created our own model based on data in the public domain, which allows for a simple scaling and repositioning using any 3-D modeling software.
An adult human body was modeled in a sitting position. Most geometric models of the human body and the organs were obtained from [20] in DXF format and some others were modeled from scratch. After assembling, resizing and coordinating with the car model, the human body was meshed. Fig. 2 shows the cross section, after meshing, corresponding to plane Front 3 in Fig. 5 . Table I summarizes the relative permittivity and the conductivity at 835 MHz for the main tissue types used [13] , [14] .
The overall computational domain, which includes the vehicle, the human body and the surrounding air, has a volume of . Uniform cubic meshes with cell sides of 36 mm were used over the coarse region, outside the vehicle. An intersection of submeshes was defined over the metallic structures, achieving a resolution of 9 mm, and over the human region, achieving a final resolution . Surrounding these finer zones, transition regions were defined until the coarse area was reached, in order to minimize numerical reflections [11] . Two different views of the final assembled system can be found in the Results section. The use of submeshing in the particular FDTD code forced us to use first-order mur absorbing boundary conditions (ABCs) instead of perfectly matched layers (PMLs) to truncate the simulation space.
SAR calculation was performed using a steady-state sinusoidal waveform at 835 MHz. The antenna was modeled as a resonant dipole fed with a voltage source including a 120 series impedance, chosen to have a radiated power (RP) of 0.58 W with , and to reduce the number of time steps needed for convergence [15] . Feeding voltage and source impedance were kept constant for all the situations. An accurate model of a cellular phone was not considered and the dipole was placed in vertical position aligned with the FDTD grid ( -axis).
Two setups were used for comparison purposes: the human body in free space and the human-vehicle system. These situations were run for 10 000 and 20 000 time steps respectively, to reach the steady state condition, taking 10 and 20 hr., respectively. The presence of the vehicle body frame increased at least twice the number of time steps needed to reach the steady state condition. The total memory required was 1791 Mbytes for the largest model. The FDTD code is a free distribution called LC (Cray Research, Inc.) [22] running in a Linux box with two Pentium-Xeon 1.8-GHz processors with a sustained performance of 300 MFlops.
III. VALIDATION
It is rather difficult to compare the calculation results with experimental measurements in a real car scenario for the electromagnetic field distribution only, let alone when a human body is incorporated. For that reason we decided to validate the calculations of electromagnetic fields in an empty vehicle, as well as the procedure to obtain the SAR in a human body in two different steps.
A. Validation of the Electromagnetic Field Distribution Computations
Three different situations were modeled and actually built to validate the results for the electromagnetic field distribution inside the car frame. The three situations are briefly described below:
The first one consisted in the characterization of the electromagnetic environment produced by an internal dipole source at 1800 MHz. The distribution for the internal field in several planes was obtained and compared to measurements at several discrete points. The measurements were performed using a HI-6005 isotropic broadband E field probe (Holaday Inc.). Differences between calculations and measurements ranging from 5% to 9% were found. A complete description of the model and experimental setup can be found in [16] , [17] .
The second setup consisted of a single long copper wire (thin wire structure) radiating at 100 MHz placed inside the test prototype [17] . A grid of nine measurement points was established. The results showed differences ranging from 7% to 13%.
The third setup was used to calculate the coupling between the electromagnetic fields produced by a wire to another transmission line. Voltage probes were modeled at the end of each wire. The differences between calculations and measurements were reduced to 3% [10] .
The agreement between calculations and measurements was considered satisfactory because the differences were smaller than the estimated uncertainty in the measurements. A more comprehensive explanation of the validation procedure and uncertainty assessment can be found in [17] .
B. Validation of the SAR Computation
To compute the SAR in an FDTD cell ( ), assuming isotropic materials, the following relationship was employed: (1) where is the material conductivity (S/m), is the electric field magnitude (V/m, RMS), and is the mass density (assumed 1000
). Computation and postprocessing of SAR data were performed in Matlab (The Mathworks, Inc.), by using the electric fields provided by the FDTD code and the geometry and conductivity information from the mesh files. The 6-field procedure was employed [21] and most of the procedure was manually performed.
We created a simulation model similar to that described in [13] . In this paper, the SAR produced by a cell phone in the human head is reported for several transversal planes, like those shown in Fig. 3 . This particular work was chosen because of the similarities in the geometric head model used, the cell sizes used in the discretization, the excitation setup and the fact they provide SAR distributions for some planes.
The human head was modeled using 6 different tissues: muscle, bone, blood, brain, skin and eyes. The cell phone was modeled as a dipole fed by a sinusoidal voltage source incorporating a series resistance selected to obtain a radiated power of 600 mW. The distance between the dipole and the TABLE II  COMPARISON OF SAR VALUES USED FOR THE VALIDATION PROCEDURE (SEE  TEXT FOR closest part of the head was 2 cm. The dipole was placed in vertical position aligned with the FDTD grid. Table II reports the maximum nonaveraged values found in each of the planes depicted in Fig. 3 , showing our calculations and the corresponding values obtained in [13] . Because there is limited information about numerical values in [13] , values in Table II are obtained from figures in this work. The uncertainty associated with this method corresponds to the resolution of the plots in [13] , so all values in Table II are truncated to a resolution of 0.1 W/kg. Fig. 4 shows the SAR distribution for plane 3 in Fig. 3 .
IV. RESULTS
The two situations described in Section II were studied for two different emitter locations. The first one represents a handsfree communication setup, with the phone placed to the right of the steering wheel at from the driver's right hand (Fig. 6) . The second case represents the front passenger using a hand-held mobile phone. The hand-held communication device was situated at several distances from the head. Results for the distances and are presented (Fig. 10) . In all the situations, the dipole was in vertical position, aligned with the FDTD grid ( -axis), so the positions do not correspond to those described in the standards for compliance assessment [4] .
The SAR values were calculated over three planes for the driver and the front passenger's location, as depicted in Fig. 5 ; crossing the model of the human body at the heart (Plane 1); thighs (Plane 2), and eyes (Plane 3). Only the results significant to the objective of this paper are presented.
It is known that when an antenna is placed near a dissipative object, changes in the radiated power are produced because the antenna impedance changes. In the present case, when the antenna is introduced inside a vehicle, even larger changes are produced. It is a usual practice to normalize the SAR results either to the net radiated power or to the current in the feed gap [23] , thus allowing for comparison of results. Whether this is appropriate in this work will be discussed in the next section. The results presented correspond to a constant feeding voltage and source output impedance. Table III summarizes some of the values for the net power, computed from the voltage and current in the feed, and current at the feed gap for different situations. The value for the impedance in free space is assumed to be 75 , thus, all other values are referenced to this one. Fig. 7(a) shows the SAR distribution for plane 1 (driver's thorax and arms) for the human body in free space.
A. Emitter as a Hands-Free Device
The highest values of SAR are found in the right arm (closest to the phone) with a value of 58 mW/kg. SAR distribution within the arm is almost constant because of its proximity to the source. Penetration of the field in the thorax is very poor, with maximum SAR values ranging from 10 mW/kg to a peak of 18 mW/kg.
Significant changes are observed when the car body frame is introduced [ Fig. 7(b) ], mainly in the thorax region over the back left lateral side, where the SAR grows, reaching a new local peak of 10 mW/kg. The regions with significant SAR values in freespace experienced a small increase, while the arms experienced a small decrease. The highest value was in the same position, but experienced a 4% decrease.
2) Case A2. Driver and Hands-Free Device, Plane 3 (Eyes) Front Left:
The results obtained for the human body in free space are displayed in Fig. 8(a) . A peak SAR of 1.7 mW/kg on the right side of the forehead is observed, with a decrease towards the interior of the head. When the vehicle is introduced, Fig. 8(b) , there is an increase over the whole region, and, in addition, the peak SAR changes its position from front to back. The value of that new peak is about 5.4 mW/kg.
3) Case A3. Driver and Hands-Free Device, Plane 2 (Thighs) Front Left:
The maximum value reached in free space is 3.9 mW/kg, on the thigh closest to the dipole, Fig. 9(a) . This peak value increases to 11.3 mW/kg for the human-vehicle system and changes its position from the right knee to the right side of the right leg as shown in Fig. 9(b) . The SAR values in the other areas showed a general increase, mainly in the areas far from Fig. 10 shows the relative positions of the emitter and the passenger, simulating a cell phone used as a hand-held device. Plane 3 (eyes) is depicted. Fig. 11(a) and (b) depicts the SAR distribution for plane 3 (eyes) when the passenger uses the cellular phone hand held at 5.1 cm from the head, in free space and inside the vehicle respectively. The peak of SAR for the passenger in free space is 0.27 W/kg, located on the area closest to the dipole, and 15 mm toward the interior of the head. In the interior of the head, SAR values diminish to the point of being too small to be evaluated. For the body model inside the vehicle the peak SAR maintains its position but decreases by 8%. In the central part of the head there is a light increase of about 10%, being larger in the area opposite to the dipole (80%).
B. Emitter as a Hand Held Device

1) Case B1.1. Front Passenger Hand-Held Device at 5.1 cm From the Right Ear. Plane 3 (Eyes) Front Right:
2) Case B1. space situation, Fig. 12(a) , and the body inside the vehicle situation, Fig. 12(b) , are smaller than 1%. Peak value for the SAR is about 2 W/kg. It is worth noticing that this is not an averaged value over 10 g of tissue. This value corresponds to a simulation cell of 27 in volume, i.e., 27 mg, thus, it cannot be used to directly compare with limits in the standards.
3) Case B2. Front Passenger Hand Held Device at 9 mm From the Right Ear. Plane 1 (Heart) Front Right: The differences in SAR distribution for the planes located far from the dipole are again large. In free space, Fig. 13(a) , the maximum value of SAR is 3.8 mW/kg, and is located on the right part of the thorax. High values of SAR are also observed in the right arm, while values are very low in the left part of the body. Fig. 13(b) shows the values of SAR calculated when the body is in the interior of the vehicle. The maximum SAR value increases to 6.6 mW/kg, located in the same place as in the free space situation. In the left region, a peak of 1.5 mW/kg appears in a zone that displayed null values for the free space situation. An SAR increase is also found in the right arm, while the left arm experiences a decrease.
4) Case B3. Front Passenger Hand Held Device at 9 mm From the Right Ear. Plane 2 (Thighs) Front Right:
The maximum SAR value found in plane 2 for free space corresponds to the thigh closer to the dipole, displaying values of about 1.6 mW/kg [ Fig. 14(a) ]. When the car frame is introduced, there is a small decrease in that maximum but the values in the areas opposite to the dipole show a significant increase with local maximums of about 0.5 mW/kg [ Fig. 14(b) ]. 
V. DISCUSSION
Considerable effort is currently being made in numerical dosimetry to find repetitive and consistent results between different head models, phone positions, numerical method implementations, etc.; and to be able to compare these results to experimental values found using SAM [24] . This task requires human models of about 1 mm resolution, accurate modeling of the cell phone and a very precise description of phone position. It was not the aim of our work to add to this topic, chiefly because using such detailed models along with a body car frame requires computational resources beyond our possibilities. In addition, mixing the problem of the consistency of results among anatomically correct models and the introduction of a realistic partially closed environment would have produced a set of results difficult to interpret. We have taken some decisions about models, complexity, results presented, etc. that certainly have some impact on the interpretation of the results:
1) Phone Model and Position: There is a defined "standard" phone for testing purposes which is often used in simulation. Instead, for the sake of simplicity we have used a dipole. Some differences in SAR deposition will arise from that fact. In addition, the phone model was not in the standard positions described in standards, because doing this generally implies per- forming a rotation of the head model to keep the phone aligned with the FDTD grid [23] as discussed in the introduction.
2) Radiated Power: We used a constant voltage to feed the dipole. It is usual to normalize results to net radiated power or current feed. It is clear from Table III that the reduction in radiated power produced by the car body frame is very high, about 30%, while the reduction in current is only about 10%, and the reduction in calculated SAR is smaller. Whether or not it is appropriate to normalize the results and the appropriate normalization values is discussed later, but it is clear that this will be a key point when considering these scenarios.
3) Data Presented: We are presenting SAR distributions on discrete planes instead of 10 g averaged values. By doing this we cannot directly compare our results against the standards and possibly some information regarding nonobserved planes could be lost. In addition, nonobserved planes may show behaviors that are in contradiction with the observed ones. For that reason all conclusions about whole-body or local SAR increases or decrements must be taken with much care. However looking at SAR distributions provides more insight than obtaining a single figure. In addition, obtaining a single figure may mask errors in the process. It will certainly be necessary to obtain these figures at a later time, when other issues have been resolved. 
4) Simulation Parameters:
We used ABC boundary conditions instead of PML. In our case, this was forced by the FDTD code used. Although PML is known to produce better results, the problem treated here is much dependent on the reflections by the metallic structures rather than by the boundaries, and we do not expect significant changes produced by that fact. Also the election of the SAR calculation method is not the most accurate, but the differences reported by other authors [21] are small and in the range, for example, of the uncertainties in our measurements (used to verify the calculations).
We have presented a total of 7 different situations, each one for the free-space and the body-in-vehicle setups. There is an almost infinite number of different combinations of the human body position and the excitation (cell phone) location. However the selection presented shows a repetitive pattern, and it seems sensible to expect a similar behavior for other planes, passengers and cell phone positions.
The maximum SAR values in each plane are found in the body part closest to the excitation, for both the free-space setup and the body-in-vehicle setup. The value of the maximum experiences a small decrease, in the order of 5%, when the body is placed inside the car frame. This effect may be caused by a change in the radiated power due to the change in the dipole radiation resistance when the car frame is present. We have main- tained constant the values of the excitation voltage and source impedance. Table III provides values for the net radiated power and feed current for some situations, so it is possible to scale values to these figures. It is difficult to determine the actual behavior of a real phone when mismatch in the antenna impedance is found. Some authors [23] believe that the real SAR value would be between the values provided by scaling to the radiated power and the feed current. This might be true when only the effects of the head for a near phone in free space are considered, but it is no so clear when the antenna is far from the body and inside a semi-closed environment. Further experiments or calculations, possibly in a more simplistic scenario, must be performed to elucidate this point.
There is an increase in the SAR in the regions far from the excitation when the body is placed inside the vehicle. This increase is more apparent for the situations displaying small absolute values of SAR (Cases A2, A3, B2, and B3). It is less apparent when absolute values of SAR are higher (Case A1) and can hardly be observed in the graphs for cases B1.1 and B1.2, although it is present when numerical values are compared. The observed increases in the regions far from the dipole are caused by reflections in the metallic structures of the car frame.
Similar increases in the whole body are likely to encountered, thus, the total averaged SAR will probably increase when a cell phone is used inside a vehicle. The peak values found in the planes studied (except B1.1 and B1.2) are always lower than the limit of 80 mW/kg for the whole body averaged SAR in the exposure guidelines, but there are regions in the body, not included in this work, that will display higher values of SAR. Thus, the data obtained is not conclusive with respect to the question if the whole body averaged SAR limit can be exceeded when a cell phone is used inside a vehicle, and a more comprehensive study is needed.
The results obtained for cases B1.1 and B1.2 would lead to the conclusion that partial body limits will not be exceeded when using a phone inside a vehicle, provided they are not exceeded in free-space. Other works have found larger changes when reflective walls are placed near the head or the dipole. However, in the case studied here, the closest metallic structure is the roof of the vehicle, because the windows are nonconducting structures. Other situations, like a cell phone worn on the waist may lead to different results and deserve further study.
VI. CONCLUSION
We show the feasibility of obtaining sensible and accurate results for the electromagnetic field distribution within a complex and large (compared to the wavelength) structure such as a passenger car. A simple FDTD code with second-order accuracy and a low cost computation system are used, and results compared with experimental measurements. We have also shown that SAR calculations out of these field distributions do compare well with the results obtained in other works.
We show the influence of the vehicle body frame on the SAR distributions, when compared with free-space situations, for two realistic scenarios: a driver with a hands-free setup and passenger using a hand-held phone. Inside a vehicle, where multipath propagation, reflections and scattering must be accounted for, the SAR distribution undergoes large changes. However the larger changes are observed in those situations where the absolute values of SAR are quite low compared to those in the international guides limiting human exposure to RF fields for partial body exposure (2 or 4 W/kg). For the only situation displaying values comparable to the limits, passenger using a hand-held device, the differences found between free-space and being inside the vehicle are small. In this situation, most of the coupling is in the near field and the most relevant parameters are the distance from the dipole to the head [1] and, not addressed here, the details of the head mesh; and those of the phone and phone position.
Our results suggest that a key factor when dealing with these scenarios is the actual radiated power of the phone, because a large change in the antenna impedance is observed when the metallic structure of the vehicle is considered. More research and a better understanding of the behavior of actual phones is needed to address this point.
For whole body deposition, when the phone is far from the user, our results suggest that using a cell phone inside a vehicle produces an increase of SAR values over the whole body, but this observation must be taken with much care because only few planes are observed. It is clear, however, that the vehicle structure is responsible for large relative changes in SAR in that situation, thus, a standard and realistic vehicle should probably be defined to make progess in that direction. Our results are of comparative nature and are valuable as indicators of the changes expected between the free space situation and other more realistic exposure conditions, but cannot be directly used for compliance assessment.
The results obtained can also be used to gain knowledge about the influence of passengers over the electromagnetic field distribution inside a vehicle, which is of interest in other research areas, such as electromagnetic compatibility, since the number of electromagnetic sources inside passenger vehicles is growing rapidly.
